It has long been known that frequently occurring targets are better attended than infrequent ones in visual search. But does this frequency-based attentional prioritization reflect momentary or durable changes in attention? Here we observe both short-term and long-term attentional biases for visual features as a function of different types of statistical associations between targets, distractors, and features. Participants searched for a target, a line oriented horizontally or vertically among diagonal distractors, and reported its length. In one set of experiments we manipulated the target's color probability: targets were more often in Color1 than Color2. Distractors were in other colors. Participants found Color1 targets more quickly than Color2 targets, but this preference disappeared immediately when the target's color became random in the subsequent testing phase. In the other set of experiments, we manipulated the diagnostic values of two colors. Color1 was more often a target than a distractor; Color2 was more often a distractor than a target. Participants found Color1 targets more quickly than Color2 targets. Importantly and in contrast to the first set of experiments, the featural preference was sustained in the testing phase. These results suggest that short-term and longterm attentional biases are products of different statistical information. Finding a target momentarily activates its features, inducing short-term repetition priming. Long-term changes in attention, on the other hand, may rely on learning diagnostic features of targets.
Introduction
A typical scene contains many colors, shapes, and objects. These stimuli differ in various ways that influence how likely they will be attended. Research on selective attention typically emphasizes two factors: whether the stimulus is perceptually salient and whether it matches the observer's task goals. It has long been known, however, that attention may also be tuned to frequently encountered stimuli, especially if these stimuli bear behavioral relevance. The "own name effect" illustrates this phenomenon: one's name is highly salient owing to its high occurrence rates and its association with oneself. More broadly, features frequently associated with a target are prioritized in processing. For example, in visual search tasks involving multiple possible targets, people more accurately detect the target that occurs more frequently (Godwin, Menneer, Cave, Helman, Way, & Donnelly, 2010; Godwin, Menneer, Riggs, Cave, & Donnelly, 2015; Hout, Walenchok, Goldinger, & Wolfe, 2015) .
Featural frequency may affect attention on multiple time scales. First, inter-trial priming exerts short-term changes of attention. When a target is found on one trial, its features are in an activated state, lowering the threshold needed for activation on subsequent trials (Maljkovic & Nakayama, 1994) . Because the more frequent feature repeats more often, short-term inter-trial priming contributes to effects of the target's frequency on attention. Second, statistical learning about the target's featural frequency may induce long-term changes in attention. Observers extract the statistical regularities of the target objects, including the frequency that a target has certain features. This information allows observers to increase the priority weights assigned to the more probable features. Stable differences in featural frequency are expected to yield persistent changes in attention. In fact, many forms of statistical learning yield long-term, durable changes in attention (Chun & Jiang, 2003; Gebhart, Aslin, & Newport, 2009; Jiang, Swallow, Rosenbaum, & Herzig, 2013; Jungé, Scholl, & Chun, 2007; Yu & Zhao, 2015) . Short-term and long-term mechanisms of the target frequency effect provide complementary ways of adapting attentional priority to the environment. Short-term mechanisms allow people to rapidly adjust to the variable aspects of the environment based on recent search history. Long-term mechanisms improve search efficiency in stable visual environments.
Experimental evidence has shown that both inter-trial priming and long-term statistical learning contribute to changes in spatial attention. Specifically, when a target frequently appears in one region of space, observers are faster at finding targets occurring there relative to elsewhere. The reaction time (RT) advantage has two components: location repetition priming and statistical learning of the target's location probability (Jiang, Sha, & Remington, 2015; Jiang et al., 2013; Walthew & Gilchrist, 2006) . Similarly, in the domain of featural attention, both transient and durable changes have been reported (Kruijne & Meeter, 2015 , 2016 Sha, Remington, & Jiang, 2017) . However, unlike spatial attention in which short-term and long-term effects are both present, studies on featural attention have sometimes failed to observe any long-term effects. These findings, reviewed next, suggest that stable statistical regularities in the frequency with which target features occur are insufficient to induce durable attentional biases.
In one study, Kruijne and Meeter (2015) asked participants to perform a singleton search task in which the target was a uniquely colored object (e.g., green) among homogenous distractors (e.g., red). On some trials the target was green, and on others it was red. In the training, "biased" phase, the target was four-times as likely to be in one color as the other. In a subsequent, "neutral" phase, the target was equally likely to be in either one of the two colors. Kruijne and Meeter (2015) found that participants prioritized the high-frequency color in the biased phase. However, this effect did not persist in the subsequent neutral phase. Sha et al. (2017) extended this finding to a feature search task. Participants searched for two possible target colors (Color1 or Color2) among distractors in other colors. Because the distractor colors were heterogeneous, the task entailed feature search rather than singleton search. Nonetheless, an attentional bias for the more probable target color disappeared immediately in the neutral testing phase.
In contrast, when the search task involved a color-shape conjunction task, Kruijne & Meeter (2015 , 2016 found evidence for long-term changes in attention. In this task, participants searched for either a green diamond or a red diamond, among distractors that were blue diamonds or red/green/blue circles, triangles and squares. The target was four-times as likely in one color as the other in the biased phase. Participants were faster at finding the target when it appeared in the highfrequency color. Notably, this RT difference extended to the subsequent neutral phase during which the target was equally likely to be in either color. Instructions to treat the two colors equally did not eliminate the attentional bias, nor did a one-week delay between the biased and neutral phases. These data indicate that under some circumstances frequency differences in the target's color yield durable changes in attention.
To account for differences between singleton search and conjunction search, Meeter (2015, 2016) propose that long-term attentional biases depend on episodic retrieval of the search targets. In the conjunction search task, participants need to search for diamonds of the two specific colors. These two colors are retained in episodic memory, with stronger memory traces for the more frequent color. In contrast, in the singleton search task, participants do not need to search for specific colors. Rather, search can be accomplished using a singleton-detection mode (Bacon & Egeth, 1994) , in which participants search for differences in local contrasts among the stimuli. The two specific colors fail to leave strong episodic memory traces, preventing long-term attentional biases from emerging. Long-term attentional biases do not depend on task difficulty. Kruijne and Meeter (2015) show that only short-term changes occurred in a difficult singleton search task, whereas longterm changes were found in an easy conjunction search task.
Though searching for specific features may be important for inducing long-term attentional biases, it does not seem sufficient. The feature search task used by Sha et al. (2017) required participants to search for specific target colors among heterogeneous distractor colors. Despite the need to maintain the target colors in memory, it failed to induce durable attentional biases for the high-frequency color. What other factors may contribute to long-term changes in featural attention?
An answer to this question comes from considering different types of statistical regularities inherent in the different search tasks. One difference between feature search and conjunction search lies in the feature's utility in differentiating targets from distractors. In the feature search task (Sha et al., 2017) , the two target colors (e.g., red and green), by definition, are always targets and never distractors. They are both maximally diagnostic of an object being a target. In the conjunction search task (Kruijne & Meeter, 2015) , however, targets are defined by a combination of color and shape, so a specific color typically appears as both a target and a distractor. When a color is more often associated with the target rather than a distractor, it becomes more diagnostic of the target relative to the lowfrequency color. It is possible that long-term changes of attention are sensitive to how probable a feature coincides with a target rather than with a distractor.
Following this logic, we distinguish between two types of feature-target association: the target's featural frequency and a feature's diagnostic value. A target's featural frequency can be expressed as P(feature_i | target). Given a target, what is its probability of having feature_i rather than other features? This association is computed on all target objects, without considering the featural composition of distractors. Because the target's features are activated in working memory, processing of the same features should be facilitated on subsequent trials (e.g., the next 5-8 trials, see Maljkovic & Nakayama, 1994) . If the target is more frequently associated with a certain feature, then targets associated with this feature should gain stronger inter-trial priming and be found faster than targets associated with other features. In contrast, a feature's diagnostic value pertains to how reliably the presence of the feature is associated with a target as opposed to a distractor. It can be expressed as P(target |feature_i). Given a feature_i, what is its probability of being associated with the target rather than a distractor? Prioritizing a feature that is more diagnostic of the target is important because it leads to successful task completion.
In four experiments, we tested the episodic retrieval account and the diagnostic value account -the possibility that long-term changes of attention depend on differences in diagnostic values. We manipulated the two types of color-target associations, while minimizing the need to store the colors in episodic memory. In some experiments, the two colors differed only in the target's featural frequency. In other experiments, the two colors also differed in their diagnostic values. We examined conditions under which long-term changes in attention occurred.
Experiment 1
Experiment 1 tested the possibility that without a difference in diagnostic value, differences in target's featural frequency only induce short-term changes in attention. In this experiment, participants searched for a target line in a canonical orientation (horizontal or vertical) among distractor lines in noncanonical orientations (45º to the left or the right). Once they found the target, they pressed a button to report whether the target was long or short ( Figure 1 ). All the lines had different colors. Unbeknownst to the participants, the target line was always in one of two colors, such as red or green. The distractor lines were in other colors. We manipulated the target's color frequency. For clarity we refer to the frequent target color as Color1 and the infrequent one as Color2. The target was Color1 on 75% of the time and Color2 the other 25% of the time. We examined (1) whether participants were faster finding targets in Color1 than Color2, and (2) whether this preference persisted in a neutral testing phase in which the target was equally likely to be Color1 or Color2.
In this design, both Color1 and Color2 always coincided with the target and never coincided with the distractor. Thus, both colors are maximally diagnostic of the target, P(target|Color1) = P(target|Color2) = 1. However, the target was more often Color1 than Color2, P(Color1|target) = 0.75 is greater than P(Color2|target) = 0.25. The training phase allowed us to measure the development of an RT advantage for finding targets that were associated with Color1. The testing phase examined the durability of this advantage. 
Method
Participants. Participants in this study were students from the University of Minnesota. They were 18-24 years old, had normal or corrected-to-normal visual acuity, normal color vision, and were naïve to the purpose of the study. Participants were compensated for their time with extra course credit or $10/hour.
Twelve participants (5 females) with a mean age of 19.8 years completed Experiment 1. Equipment. Participants were tested individually in a room with normal interior lighting. The experiment was programmed using Psychtoolbox (Brainard, 1997; Pelli, 1997) implemented in MATLAB (www.mathworks.com). Stimuli were presented on a 17" CRT monitor with a resolution of 1024x768 pixels and a refresh rate of 75Hz. Viewing distance was unconstrained but was approximately 40cm.
Materials and stimuli. Each display contained 6 colored lines presented at equidistant locations on an imaginary circle ( Figure 1 ). There were 1 target and 5 distractors. The eccentricity of each item was 5º. The length of each line was randomly chosen to be either 1º or 2º. Four colors comprised the target set: red, green, yellow, and blue. Two of these were randomly chosen as the potential target colors for a participant. These assignment was counterbalanced across participants. The two colors not chosen to be the target colors, along with 6 other colors generated using MATLAB's maximally distinguishable colors script (http://www.mathworks.com/matlabcentral/fileexchange/29702-generate-maximally-perceptuallydistinct-colors/content/distinguishable_colors.m), comprised the distractor set. The target's orientation was randomly assigned to be either vertical or horizontal, and distractors' orientations were randomly assigned to be 45°-left-tilted or 45°-right-tilted ( Figure 1 ). All items were displayed against a black background.
Target
Procedure. Participants were asked to search for a target in a canonical orientation, specifically the single horizontal or vertical line, among tilted lines. Each trial started with a white fixation point (0.5ºx0.5º). After a random duration of 400 to 600ms, the six-item search display appeared. Upon finding the target, participants reported the target's length by pressing 'L' if the target was long (2°), or "S" if the target was short (1°). The search display remained in view until participants responded ( Figure 1 ). We emphasized accuracy and speed in the task instructions and in the trial feedback. Each incorrect response was followed by the computer voice speaking the sentence "That was wrong. Please try to be accurate." Correct trials were followed by a chirp, or the text "too slow" if RT was slower than 1,000ms. The next trial commenced after 1,000ms. Participants were encouraged to take a break every 48 trials. They completed 16 blocks, with 48 trials per block.
Design. We manipulated the target color's frequency. In the training phase (the first 12 blocks of trials), the target was Color1 (high-frequency color) on 75% of the trials, and Color2 (low-frequency color) on the remaining 25% of the trials. These two colors never appeared as distractors. In the testing phase (the last 4 blocks of trials), the target was associated with these two colors equally often (50% vs. 50%). We did not inform participants of the target frequency difference. Assignments of the high-and low-frequency colors were counterbalanced across participants. For example, if blue was the high-frequency color and yellow was the low-frequency color for one participant, the frequency assignment for blue and yellow targets would be reversed for another participant.
Recognition. We queried participants about the target's frequency at the end of the experiment. The recognition questions asked participants to estimate the percentage of trials in which the target appeared in Color1 and Color2, respectively. Recognition questions first asked about Blocks 1-12 (the biased phase) and then Blocks 13-16 (the neutral phase). Similar recognition questions were used in Experiment 2, 3 and 4. Recognition results will be reported after we have presented search data from all four experiments.
Results
Table 1 displays mean accuracy in all experiments, showing no evidence of a speed-accuracy tradeoff (i.e., either no difference in accuracy between Color1 and Color2, or the difference in accuracy between the two colors was consistent with the RT results). Incorrect trials and trials whose RT exceeded 10 seconds (fewer than 0.03% of trials were excluded as outliers in all experiments) were excluded from the RT analyses in all experiments. Figure  2 displays mean RT in Experiment 1.
In the training phase, a repeated-measures ANOVA on target's color (Color1 or Color2) and block (Blocks 1-12) showed that RT was significantly faster for targets in Color1 than targets in Color2, F(1, 11) = 9.64, p < .01, η p 2 = .47. Overall RT decreased as the experiment progressed, producing a main effect of block, F(11, 121) = 4.07, p < .001, ηp 2 = .27. No significant interaction between target's color and block was observed, F < 1.
To examine whether participants had acquired long-lasting changes in relative attentional priority for the two colors, we administered the testing phase in which the target was equally likely to be in either color. A two-way ANOVA on target's color (Color1 or Color2) and block showed no difference in RT between Color1 and Color2, F < 1 for the main effect of target's color. The interaction between target's color and block was not significant, F < 1. A follow-up t-test showed that the RT advantage for targets associated with Color1 disappeared immediately in the testing phase: In the first testing block (Block 13), RT was comparable between Color1 and Color2, t < 1.
Figure 2. Results from Experiment 1. When the target was more frequently one color (Color1) than the other (Color2) in the training phase (Blocks 1-12), participants were faster finding the target associated with the highfrequency color. This effect disappeared immediately in the testing phase (Blocks 13-16), when the target was equally likely to be in either color. Error bars show +/-1 S.E. of the mean.

Discussion
Experiment 1 both replicated and extended previous research on the target frequency effect in visual search. First, the training phase showed that participants were highly sensitive to the frequency of an incidental feature. Participants performed an orientation search task and reported the target's length, yet they were sensitive to the target's color frequency. Thus, the target frequency effect is not restricted to the task-relevant features. Second, extending Kruijne and Meeter (2015) 's findings, the frequency effect was short-lived. As soon as the target became equally likely to be in either color, the RT advantage for the previously high-frequency color disappeared. Thus, stable differences in the target's color frequency were insufficient to yield durable attentional biases. These data are consistent with both the episodic retrieval account (Kruijne & Meeter, 2015 , 2016 and the diagnostic value account. The episodic retrieval account accommodates these findings by postulating that in an orientaiton search task, color is not a searched feature and thus does not establish strong episodic memory traces. The diagnostic value account explains these findings in terms of the colors' diagnostic values in discriminating targets from distractors. Both colors always coincide with the target and never with a distractor. Therefore, they both receive maximal attentional priority. Shortterm changes can still occur due to inter-trial priming of the target's colors, but long-term changes in relative attentional priority fail to emerge.
Experiment 2
Experiment 2 introduced a difference in diagnostic value between the two colors in addition to the different target's color frequencies. Participants performed the same orientation search task and reported the target's length. Crucially, however, one color was more diagnostic of the item being a target rather than a distractor, relative to the other color. Specifically, during the training phase, 75% of the trials contained a target in Color1 and a distractor in Color2. The other 25% of the trials contained a target in Color2 and a distractor in Color1. Because the target was Color1 75% of the time and Color2 25% of the time, its featural frequency (P(feature_i|target) was the same as in Experiment 1. The crucial difference though, is that Color1 and Color2 no longer had equal diagnostic values. Color1 was more diagnostic (P(target|Color1) = 0.75) than Color2 (P(target|Color2) = 0.25). If different diagnostic values support long-term changes in attention, then this experiment should yield a persistent RT advantage for targets in Color1 than Color2. In contrast, the episodic retrieval account predicts that long-term biases should not occur. This is because participants perform an orientation search task. The target's colors are not relevant and can not yield strong episodic traces that support durable attentional biases. 
Method
Participants. Twelve naive participants (seven females) with a mean age of 20.9 years, completed Experiment 2.
Materials and stimuli. Experiment 2 used the same ten colors as in Experiment 1. Two colors were assigned to be the colors of interest. They were drawn randomly from the set of four colors (red, green, yellow and blue) and counterbalanced across participants. These will be referred to as Color1 and Color2. On each trial, the target was one color and one of the distractors was the other color. The other four distractors had colors randomly drawn from the remaining eight colors (Figure 3 ). Other aspects of the experiment were the same as in Experiment 1.
Design. Similar to Experiment 1, the experiment comprised a training phase and a testing phase. In the training phase, the target was Color1 on 75% of the trials. On those trials, one distractor was Color2. On the other 25% of the trials, the target was in Color2 and one distractor was in Color1. During the testing phase, 50% of the trials had a Color1 target with a Color2 distractor, and the other 50% of the trials had a Color2 target with a Color1 distractor.
Results
Target Distractor in Color2
In the training phase, an ANOVA on target's color and block showed that RT was significantly faster when the target was in Color1 rather than Color2, F(1, 11) = 11.21, p < .01, ηp 2 = .51 for the main effect of target's color (Figure 4 Blocks 1-12). Overall RT decreased as the experiment progressed, F(11, 121) = 8.20, p < .001, ηp 2 = .43 for the main effect of block. No significant interaction between target's color and block was observed, F < 1.
Was the attentional bias for Color1 durable? In the testing phase the two colors were equal in both target's color frequencies and diagnostic values. However, an ANOVA on target's color and block showed that participants continued to exhibit faster RT for targets in Color1 than those in Color2, F(1, 11) = 9.75, p < .01, ηp 2 = .47 for the main effect of target's color (Figure 4 Blocks 13-16). This effect persisted for the entire testing phase, revealing no significant interaction between target's color and testing block, F < 1. (Blocks 1-12) , the target was three-times as likely to be Color1 as Color2. In addition, Color1 was more often associated with targets than distractors, whereas the reverse was true for Color2. Participants were faster finding targets in Color1 than those in Color2. This effect persisted in the neutral testing phase . Error bars show ±1 S.E. of the mean.
Figure 4. Results from Experiment 2. In the training phase
Discussion
The first two experiments manipulated two types of color-target association to examine their impact on attention. Using the same orientation search task, we observed both short-term and longterm changes in attention to a color that frequently coincided with the target. In the training phase of both experiments the target's featural frequency favored Color1: the target was more often associated with Color1 than Color2. Participants were faster finding the target when it was in Color1 than in Color2. However, The RT advantage dissipated in the neutral phase of Experiment 1. Thus, the target's featural frequency by itself induced just short-term changes in attention.
Experiment 2 differed from Experiment 1 in that not only was the target more often Color1 (rather than Color2), but also Color1 coincided more often with targets than with distractors. In other words, Color1 was more diagnostic than Color2 of a stimulus's status as a target rather than a distractor. The results showed that participants were sensitive to differences between the two colors' diagnostic values. To further confirm this finding, we tested for cross-experiment interaction between target's color and experiments. 
Color1
Color2 subject factor, and target's color and block as within-subject factors, a three-way ANOVA showed that the RT advantage for Color1 over Color2 was marginally greater in the training phase in Experiment 2 than in Experiment 1, F(1, 22) = 3.41, p < .08, ηp 2 = .13. This finding suggests that the training phase includes an additional learning component in Experiment 2. The marginal significance reported here may result from lack of power (N=12 in each experiment). We will validate this finding in later experiments. Second, the search advantage for Color1 persisted in the neutral phase of Experiment 2, but disappeared in the neutral phase of Experiment 1, shown as a significant interaction between target's color and experiment in the testing phases, F(1, 22) = 5.29, p < .05, ηp 2 = .31. This finding indicates that a long-term component was acquired in Experiment 2 but not in Experiment 1. The comparisons between Experiments 1 and 2 are between-experiment. The interaction effect should be validated in future studies using between-subject, rather than betweenexperiment designs.
Experiment 3
So far we have shown that differences in features' diagnostic values are important for durable changes in attention. However, it is unclear whether diagnostic values affect learning or the expression of learning. The diagnostic value account implies that differences in features' diagnostic values are necessary for inducing durable attentional biases toward the more diagnostic color. That is, the locus of the effect lies in the training phase. However, our data are also compatible with an alternative possibility: presenting one color as a target and the other color as a distractor is a more sensitive test for long-term changes in attention. On this account, it is possible that the training phases of both Experiments 1 and 2 induced long-term attentional bias toward Color1. But the bias went undetected in the testing phase of Experiment 1. We will refer to this account as the latent learning account.
Latent learning has precedence in recent research on attention. Chelazzi et al. (2014) trained participants to search for a target that appeared in one of 8 locations. Participants received high, medium, or low reward for different target locations. This training had no effect on the subsequent non-rewarded search when the display contained a single target. Latent learning nonetheless occurred and was detected when the display contained two targets. In this case, participants were more accurate in reporting the target in the previously highly rewarded location. Chelazzi et al. (2014) explained the difference between one-target and two-target trials in terms of the relative contribution of reward. On one-target trials the bottom-up signal of the target was strong, rendering reward learning trivial. On two-target trials the bottom-up signal was insufficient for resolving unique target detection. This heightened the impact of previous reward.
In Experiment 1, latent learning of Color1 over Color2 may have occurred but went undetected in the testing phase. If this is the case, then an RT advantage for Color1 may be revealed when the testing phase uses the two-color displays of Experiment 2. To test this possibility, in Experiment 3 we used the same training procedure as that of Experiment 1, but the same testing procedure as that of Experiment 2.
Method
Participants. Twenty-four participants (thirteen females) with a mean age of 20.3 years completed Experiment 3. Sample size doubled from the first two experiments because the diagnostic value account predicted a null effect.
Design. Similar to Experiments 1 and 2, Experiment 3 contained 16 blocks of trials with 48 trials per block. The first 12 blocks were the training phase. This phase was identical to that of Experiment 1. The target was Color1 75% of the time and Color2 25% of the time. Color1 and Color2 never appeared as distractors. The last 4 blocks were the testing phase. This phase was identical to that of Experiment 2. Each trial contained both Color1 and Color2, one of them was the target and the other was a distractor. We examined whether Experiment 1's training procedure induced durable changes in attention, when assessed using Experiment 2's testing procedure.
Results
Figure 5. Results from Experiment 3. Color1 was the high-frequency color in block 1-12. Color2 was the lowfrequency color in block 1-12. In block 13-16, the two colors appeared simultaneously on each trial and were associated with the target with equal frequencies. The line corresponded to trials in which the target was in that color. Error bars show ±1 S.E.s of the means.
Replicating Experiment 1, a two-factor ANOVA on target's color and block showed that during the training phase participants were significantly faster responding to Color1 targets than Color2 targets, F(1, 23) = 22.81, p < .001, ηp 2 = .50 ( Figure 5 Blocks 1-12). In addition, RT was faster in later blocks than earlier ones, shown as a significant main effect of block, F(11, 253) = 5.87, p <.001, ηp 2 = .20. The target's frequency effect diminished across blocks, F(11, 253) = 1.91, p <.05, ηp 2 = .08 for the interaction between target's color and block.
Even though the testing phase presented both Color1 and Color2 concurrently, we found no evidence of long-term attentional biases ). An ANOVA on target's color and block revealed no significant main effect of the target's color, F(1, 23) = 1.39, p > .25 or an interaction between target's color frequency and block, F(3, 69) = 1.55, p > .20.
The lack of long-term attentional biases in Experiment 3 can be contrasted with that in Experiment 2. These two experiments were identical in the testing phase but differed in the nature of the training phase. An ANOVA on target's color and experiment (Experiment 2 vs. Experiment 3) revealed a significant interaction between target's color and experiment in the testing phase, F(1, 34) = 7.08, p <.05, ηp 2 = .17. This comparison suggests that long-term effects are present in Experiment 2 but not in Experiment 3.
Discussion
Experiment 3 used a potentially more sensitive measure of attention in the testing phase. On every trial the display contained both Color1 and Color2, one of which was the target and the other was a distractor. If participants had acquired a persistent attentional bias for Color1, they should have faster RT when Color1 was the search target and Color2 was a distractor. In addition, they should be slower when a distractor was Color1, which could potentially capture attention away from the target. However, Experiment 3 found no evidence of long-term attentional biases following Experiment 1's training procedure. RT was comparable for Color1 targets and Color2 targets. This was the case even though the simultaneous presentation of Color1 and Color2 slowed down overall RT. In fact, a twoway ANOVA on target's color and block (Block 12 vs. Block 13) showed slower RT in the first block of testing phase than in the last block of the training phase, F(1, 23) = 17.03, p <.001, ηp 2 = .43 for the main effect of block. This slowing suggests that Color1 and Color2 competed for attention, making this paradigm a potentially more sensitive test for any residual attentional biases for one of the colors. Nonetheless, this procedure did not uncover durable changes in relative attentional priority.
Experiment 4
Experiment 4 provided a complementary demonstration that differences in features' diagnostic values can yield long-term changes in attention. To this end, Experiment 4 used Experiment 2's training procedure. The testing phase contained a random mix of two types of trials. In one type, the target was either Color1 or Color2 and the other color did not appear on the display. This was similar to Experiment 1's setup ("one-color" testing), a potentially less sensitive assessment of featural attentional biases. In another type, both colors appeared on the display, one coincided with the target and the other coincided with a distractor. This was similar to Experiment 2's setup ("twocolor" testing). The diagnostic value account predicts that participants should prioritize the previously high-frequency (also more diagnostic) color regardless of how testing was conducted.
Method
Participants. Twenty-four participants (nineteen females) with a mean age of 19.7 years completed Experiment 4.
Design. The first 12 blocks comprised the training phase. It was identical to that of Experiment 2. The last 4 blocks comprised the testing phase. It contained a mixture of displays. Half of the trials were similar to those of Experiment 1. On these trials, the target was either Color1 or Color2. The other color was not present ("one-color" trials). The other half of the trials was similar to those of Experiment 2. Color1 and Color2 appeared simultaneously on each trial, one coinciding with the target and the other coinciding with a distractor ("two-color" trials). Overall, 25% of the trials within each block had a Color1 target without Color2 presented, 25% of the trials had a Color2 target without Color1 presented, 25% of the trials had a Color1 target with one Color2 distractor, and another 25% of the trials had a Color2 target with one Color1 distractor. All trials were randomly mixed within each block.
Results
Replicating Experiment 2, a two-way ANOVA on target's color and block showed that during the training phase participants were significantly faster responding to targets in Color1 rather than Color2, F(1, 23) = 36.09, p < .001, ηp 2 = .61 ( Figure 6 Blocks 1-12). RT was faster in later blocks than earlier ones, F(11, 253) = 13.44, p <.001, ηp 2 = .37. The effect of target color was stronger in later blocks, resulting in a significant interaction between target's color and block, F(11, 253) = 2.12, p < .05, ηp 2 = .08. Replicating Experiment 1 and Experiment 2, the training effect was greater in Experiment 4 than Experiment 3, F(1, 46) = 4.23, p < .05, ηp 2 = .09 for the interaction between target's color and experiment. Figure 6 (Blocks 13-16) plots RT separately for one-color trials and two-color trials. Long-term attentional biases were apparent from these data. A three-way ANOVA on trial type (one-color vs. two-color), target's color (Color1 vs. Color2) and block (13-16) showed a significant main effect of trial type. RT was faster on one-color trials than on two-color trials, F(1, 23) = 87.61, p < .001, ηp 2 = .79, consistent with stronger competition between the two colors when they were presented together. Importantly, participants were faster responding to the targets in Color1 rather than Color2, F(1, 23) = 9.79, p < .01, ηp 2 = .30, yielding a significant main effect of target's color. All other factors failed to reach significance, largest F(1,23) = 2.49, p > .12. Two follow-up ANOVAs were conducted, separately for one-color and two-color trials, using target's color and block as factors. The main effect of target's color was significant in both one-color testing trials, F(1, 23) = 7.72, p < .02, ηp 2 = .25, and two-color testing trials, F(1, 23) = 6.51, p < .02, ηp 2 = .22.
Figure 6. Results from Experiment 4. In the training phase (Blocks 1-12), all trials are two-color trials (solid lines). In the testing phase, half of trials are one-color trials (dashed lines), and the other half of trials are twocolor trials. Color1 refers to the high-frequency (also more diagnostic) color in the training phase. Error bars show ±1 S.E. of the mean across participants.
Together, Experiments 3 and 4 showed that the training procedure, rather than the testing procedure, determined whether long-term changes in attention were revealed. These data support the idea that whereas differences in target's featural frequency could induce short-term changes, how diagnostic features are for distinguishing targets from distractors can additionally yield long-term changes in attention.
Repetition priming
The diagnostic value account acknowledges the presence of short-term priming when the target's features repeat. Here we examined repetition priming for target color across consecutive trials in the training phase. Data were combined for Experiments 1 and 3, and for Experiments 2 and 4. Trials were coded based on whether the target's color was Color1 or Color2, and whether it had the same color as the preceding trial's target. RT was significantly faster on color repeat trials than color switch trials, ps < .01. We then examined whether repetition priming was comparable between the two colors. To adjust for differences in baseline RT across experiments, priming was expressed as percent RT saving, computed as [(switch_RT -repeat_RT) /mean_RT]. Priming was then analyzed in an ANOVA on training procedure (Experiments 1_3 vs. Experiments 2_4) and the target's color (Color1 or Color2). Priming was comparable between Color1 and Color2, and between the two types of training procedures, resulting in a lack of main effects or interaction (smallest p = .23). These data suggest that repetition priming contributed to a similar degree to the two types of training procedures used in this study. Table 2 displays the mean RT and priming results. 
Explicit recognition
In all experiments about half of the participants both thought that the two colors appeared with unequal frequencies, and were able to correctly identify the high-frequency color. These were the "aware" participants and comprised 52% of participants across the four experiments (33% in Experiment 1, 50% in Experiment 2, 63% in experiment 3, and 50% in Experiment 4). Still, a substantial proportion of participants thought that the two target colors occurred equally often (32%), or assigned a higher percentage to the low-frequency target (16%). These were the "unaware" participants (a total of 48%). To examine whether explicit awareness influenced the search results, we re-ran the analyses reported in this study with awareness group added as a between-subject factor. In none of the experiments did awareness group interact with other experimental factors, Fs < 1 (Analysis details can be found at: http://jianglab.psych.umn.edu/FeatureProbability/ShortLongTermLearningAwareness.pdf. ).
To attain higher statistical power, we combined data from Experiments 1 and 3, and data from Experiments 2 and 4. In Experiments 1 and 3, neither the aware (N=19) nor the unaware (N=17) participants showed RT differences for Color1 and Color2 in the testing phase, Fs < 1. In Experiments 2 and 4, both the aware (N=18) and the unaware (N=18) participants showed faster RT to Color1 than Color2 in the testing phase, ps < .02. Thus, the main conclusion reached in this study held for both aware and unaware participants. Consistent with Kruijne and Meeter (2016) , frequency effects on visual search did not depend on explicit awareness.
General Discussion
Intuitively, features frequently associated with a visual search target should be prioritized. This intuition was supported by our training phase data. Across all four experiments, a color that frequently coincided with the search target was associated with faster search RT. The target's frequency effect was found even though color was, strictly speaking, task-irrelevant; orientation was the target's defining property and length was the target's reported property. The training phase data suggest that target's featural frequency affects attentional allocation (Hasher & Zacks, 1984) .
This study provides important insights about the conditions under which feature-target association leads to long-or short-term attentional biases. We showed in Experiments 1 and 3 that attentional priority for the previously high-frequency target diminished rapidly in a neutral testing phase. This finding suggests that the frequency effect observed in these experiments is likely supported by transient mechanisms, such as inter-trial priming of the search target. The more frequent target color also repeats more often across trials, accumulating greater inter-trial priming in the training phase. Because inter-trial priming dissipates rapidly (Maljkovic & Nakayama, 2000) , it does not support sustained attentional biases when the two target colors become equally frequent. In fact, Sha et al. (2017) estimated inter-trial priming over 8 successive trials and found that this effect could fully explain the RT advantage for the more frequent target color.
The second contribution of this study is the empirical demonstration in Experiments 2 and 4 that the difference in diagnostic values of features in discriminating targets from non-targets produce long-term statistical learning. Durable target frequency effects have been reported previously in colorshape conjunction search tasks but not in color singleton search tasks (Kruijne & Meeter, 2015) . The current study extends this finding to feature search tasks, and is important especially since it is unexpected by previous theoretical work. According to Kruijne & Meeter (2015) , durable frequency effects are found when people maintain specific target's defining features during search, but not when people accomplish search by detecting local stimulus differences. This account is consistent with the data showing differences between Kruijne and Meeter's (2015) conjunction and singleton search tasks. However, it does not adequately explain why the feature search task used in the current study yielded just transient changes in Experiments 1 and 3 but durable changes in Experiments 2 and 4. In all four experiments participants searched for vertical or horizontal lines, so color was not part of the search template. According to the episodic retrieval account, Color1 or Color2 should not have left strong enough episodic traces that could support long-term changes in attention. One might argue that owing to the correlational structure between color and target, participants might have actively searched for Color1 and Color2. If this were the case, we should have observed long-term attentional biases in all experiments (especially in Experiments 1 and 3 where the correlational structure was strong), not just in Experiments 2 and 4. Our study suggests that the time scale of the target frequency effect is modulated by factors besides the accumulation of episodic traces.
A third contribution of the present study is that we provided initial evidence for a theoretical distinction between two types of feature-target association. Both types are expressed in terms of conditional probability, but they have potentially different functional roles. The target's featural frequency, expressed as P(feature_i | target), indexes how frequently a feature_i target occurs. In contrast, a feature's diagnostic value, expressed as P(target | feature_i), indexes feature_i's usefulness in visual search. A color with higher diagnostic value is more predictive of the target than of distractors and can facilitate visual search. This may explain why we observe durable attentional biases in Experiments 2 and 4. One way to understand this proposal is by considering attention as a mechanism that biases competition toward diagnostic features (Desimone & Duncan, 1995) . In visual search, the crucial competition is between targets and distractors, rather than among the targets themselves. When two features are both maximally indicative of targets, they can both be prioritized, relative to nontarget features. But when a feature more often coincides with a target and another feature more often coincides with a distractor, these features compete for attentional priority and the more diagnostic feature wins.
This diagnostic value account is consistent with a recent study examining the role of statistical learning on attentional capture. Using the contingent capture paradigm (Folk, Remington, & Johnston, 1992) , Cosman and Vecera (2014) had subjects respond to the identity of a red or green target presented along with a red or green distractor. On 80% of trials the target was in one color (e.g., red), on 20% the reverse. Targets were preceded by a red or green cue at one of the locations. By our analysis, the use of both colors as targets and distractors established a higher diagnostic value for the high-frequency target color. Indeed, in a subsequent neutral testing phase with equal color-target assignment, Cosman and Vecera (2014) found stronger capture of attention when the cue was in the high-frequency color than the low-frequency color. Unlike the present studies, Cosman and Vecera (2014) did not examine conditions under which such effects are transient or durable, nor did they formulate a general account of the effects of stable frequency statistics on attention.
Our study supports the idea that humans are sensitive to conditional probabilities in visual input (Orbán, Fiser, Aslin, & Lengyel, 2008) . More broadly, conditional probabilities are key elements in Bayesian inference in vision, reasoning, and language (Kalish, Griffiths, & Lewandowsky, 2007; Kersten, Mamassian, & Yuille, 2004) . Data presented here demonstrate that such statistical information is also extracted to support visual search. As is the case in standard Bayesian computation, the two conditional probability terms, commonly given as P(A|B) and P(B|A), correspond to different concepts and serve different functional roles. Our study suggests that these functional differences may support learning at multiple time scales.
At first glance, the diagnostic value account appears to be inconsistent with one finding in the literature: the lack of durable frequency effects in singleton search tasks. Consider the task of finding an odd-colored target (e.g., red) among homogenous colored distractors (e.g., green; Kruijne & Meeter, 2015) . When most trials are red among green and few are green among red, red is more often a target than a distractor and green is more often a distractor than a target. Why does the difference in diagnostic value not induce a persisting attentional bias for red? We believe that the reason is because when people search for a color singleton, they primarily adopt the singleton-search mode (Bacon & Egeth, 1994) , such as detecting local discontinuity in color. The adoption of this mode likely interferes with statistical learning of the specific target color. How visual statistics are computed for singleton search remains to be tested.
Our experiments, and that of Cosman & Vecera (2014) , establish the importance of diagnostic value in long-term statistical learning. They do not, however, specify the nature of the learning. We have proposed that frequency information accrues from trial to trial with the resulting conditional probabilities computed independently and in parallel for all target and distractor colors. Another possibility is that the simultaneous presence of two potential target colors leads to a trial-by-trial inhibition of the color associated with the distractor. Attentional priority would then be based on a computation of accumulated strength across trials. Existing studies do not provide a definitive answer as to the nature of the underlying learning.
Conclusions
This study examined the roles of featural frequency in inducing short-term and long lasting changes in attention. We found that both short-term and long-term mechanisms contribute to people's sensitivity to the featural frequency in visual search. Our results support the claim that shortterm changes operate on the target's featural frequency (e.g., inter-trial priming), while long-term changes may depend on the ratio of a feature coinciding with the target rather than a distractor (diagnostic value). We propose that the diagnostic value of a feature in discriminating targets from distractors is important for inducing durable changes in attention.
